ABSTRACT Electro-reductive homo-coupling of aryl bromides in a double mediatory system involving catalytic amounts of PdCl 2 (PPh 3 ) 2 and N-alkyl-4-alkoxycarbonylpyridinium salts was performed successfully to afford the corresponding biaryls in good to moderate yields.
Introduction
Reduction is a fundamental reaction in organic synthesis. Reductants so far studied include metal reductants such as Na, Li, and Zn, metal hydride reductants such as LiAlH 4 and NaBH 4 , inorganic reductants such as Na 2 S 2 O 3 , and organic reductants such as NADH, 1 ascorbic acid, 2 anion radicals of polycyclic aromatic compounds, 3 and tetrakis(dimethylamino)ethylene. 4 Among them, organic reductants are usually soluble in organic solvents, and, as the results, electron transfer to the substrates proceeds smoothly. Design and modification of the organic reductants are easily performed to suppress undesired side reactions. 5, 6 Most of highly reactive organic reductants are so air-sensitive that in situ generation of the organic reductants from their stable precursors is desirable.
Electro-reduction of 1,1B-dialkyl-4,4B-bipyridinium (viologen, V 2+ ) salts produces the corresponding radical cation V
•+ and quinoid V 0 . Recently, we reported that the quinoid V 0 promotes Pd-catalyzed reductive coupling of aryl halides (Ar-X) to afford the corresponding biaryls (Ar-Ar) in THF 5 and ionic liquids 6 [Scheme 1, (a)]. We sought other precursors of the organic reductants, and found that more simple N-alkylpyridinium salts 7 1 would act as precursors for potent organic reductants [ Scheme 1, (b) ]. Indeed, the Pd-catalyzed electro-reductive homo-coupling of Ar-X proceeded in the presence of a catalytic amount of Nalkylpyridinium salts 1. In this paper, we describe electrochemical behavior of N-alkylpyridinium salts as well as electro-reductive coupling of Ar-Br in a double mediatory system involving catalytic amounts of PdCl 2 (PPh 3 ) 2 and N-alkylpyridinium salts.
Results and Discussion
4-Methoxycarbonyl-N-heptylpyridinium tosylate 1a was prepared as follows. A mixture of 4-methoxycarbonylpyridine 2a (5 mmol) and heptyl tosylate 3a (7.8 mmol) was heated to 100°C without solvents for 14 h to give an orange precipitate. Recrystallization from MeOH/diethyl ether gave 1a (4.16 mmol, 83%) as a white solid. In a similar manner, 4-methoxycarbonyl-N-methylpyridinium tosylate 1b and 4-carbamoyl-N-methylpyridinium tosylate 1c were prepared from the corresponding pyridine derivatives 2 and alkyl tosylates 3 ( Table 1) .
Redox behavior of 1a, 1b, and 1c was investigated by cyclic voltammetry (Fig. 1) These redox potentials are slightly more negative than those of V 
The electro-reductive coupling of aryl bromides 4 with pyridinium salts 1 as a mediator was carried out in an undivided cell fitted with a Zn anode (1.5 © 1 cm 3 mmol) was placed in the cell, and a constant current (10 mA) was supplied at 60°C until 2 F/mol-4a of electricity was passed. After usual work-up, 4,4B-dicyanobiphenyl (5a) was obtained in 83% yield (Table 2 , Entry 1).
Pyridinium tosylate 1a promoted the homo-coupling of 4a more effectively than other pyridinium tosylates 1b and 1c: 1b and 1c gave 5a in 11% and 7% yields, respectively (Entries 2 and 3). Length of the alkyl chains on pyridinium salts would affect the solubility in organic solvents and/or interaction with Pd species. The yield of 5a decreased to 17% when the amount of 1a decreased to 10 mol% (Entry 4), whereas no 5a was obtained in the absence of the pyridinium salts 1 (Entry 5).
10 Among thus far examined solvents, polar organic solvents such as DMF, MeCN, THF, and NMP were usable to give 5a in good to moderate yields (Entries 6, 7, and 8).
The presence of Pd catalyst is indispensable since the absence of the Pd catalyst resulted in the formation of no detectable amount of 5a (Table 3 , Entry 2). Proper choice of the Pd catalysts is important for the reductive coupling: Among thus far examined, only PdCl 2 (PPh 3 ) 2 worked efficiently. When PdCl 2 , PdCl 2 (PhCN) 2 , and Pd(OAc) 2 were used, the yields of 5a decreased to 5, 3, and 7% yields, respectively, and ca. 60% of 4a was recovered (Entries 3, 4, and 5), whereas Pd 2 (dba) 3 did not promote any coupling reaction (Entry 6).
11
A plausible mechanism of the reductive coupling of aryl bromide 4 is shown in Fig. 2 . In the initial stage of the reaction, the pyridinium salt 1 would be reduced electrochemically to give the corresponding radical Py
• , which would, in situ, reduce Pd(II) species to give "Pd(0)" active species together with 1. Oxidative addition of 4 on the "Pd(0)" species would give "Ar-Pd(II)-Br" 6. Reduction of 6 with electro-generated Py
• would afford [Ar-Pd(0)] 
II -Py
• /Py + double mediatory system was applied successively to several aryl halides ( Table 4) .
The coupling of aryl bromides 4b, 4c, and 4d, having electronwithdrawing groups, such as cyano, trifluoromethyl, and ethoxycarbonyl groups, at p-position proceeded smoothly to give the corresponding biaryls 5b, 5c, and 5d, in good yields (Entries 1, 2, and 3). m-Bromobenzonitrile (4e) gave 5e 47% yield, whereas osubstituted 4f did not give 5f and only a complex mixture was obtained (Entries 4 and 5). On the other hand, the homo-coupling of aryl bromides having electron-donating groups did not proceed smoothly: 4,4B-Dialkylbiphenyls 5g and 5h and 4,4B-dimethoxybiphenyl (5i) were obtained from 4-bromotoluene (4g), 4-bromotert-butylbenzene (4h), and 30, and 10% yields, respectively (Entries 6, 7, and 8) , whereas 4-bromo-N,Ndimethylaniline (4j) only gave a complex mixture (Entry 9). It is likely that electron-withdrawing substituents would facilitate reduction of Ar-Pd(II)-Br 6 to [Ar-Pd(0)] ¹ 7. In contrast, electrondonating substituents would increase the electron density on Pd of 6 to retard the reduction to 7.
The oxidative addition of Ar-Cl on Pd(0) species would not efficiently occur: Thus, the reductive coupling of 4-chlorobromobenzene (4k) gave a complex mixture (Entry 10) and 4-chlorobenzonitrile (4l) gave 5a in only 6% yield (Entry 11).
In conclusion, electro-reductive coupling of aryl bromides 4 proceeded with catalytic amounts of PdCl 2 (PPh 3 ) 2 and pyridinium salts 1 to afford the corresponding biaryls 5 in good to moderate Electrochemistry, 81 (5), 356358 (2013) yields. Compared with viologen derivatives, pyridinium derivatives have simple structures and the redox potential of pyridinium derivatives can be tuned by introduction of substituents.
